The relationship between cloud and aerosol properties was investigated over two 4 ∘ × 4 ∘ adjacent regions in the south (R1) and in the north (R2) in eastern China. The CloudSat/CALIPSO data were used to extract the cloud and aerosol profiles properties. The mean value of cloud occurrence probability (COP) was the highest in the mixed cloud layer (−40 ∘ C∼0 ∘ C) and the lowest in the warm cloud layer (>0 ∘ C). The atmospheric humidity was more statistically relevant to COP in the warm cloud layer than aerosol condition. The differences in COP between the two regions in the mixed cloud layer and ice cloud layer (<−40 ∘ C) had good correlations with those in the aerosol extinction coefficient. A radar reflectivity factor greater than −10 dBZ occurred mainly in warm cloud layers and mixed cloud layers. A high-COP zone appeared in the above-0 ∘ C layer with cloud thicknesses of 2-3 km in both regions and in all the four seasons, but the distribution of the zonal layer in R2 was more continuous than that in R1, which was consistent with the higher aerosol optical thickness in R2 than in R1 in the above-0 ∘ C layer, indicating a positive correlation between aerosol and cloud probability.
Introduction
Aerosol and cloud vertical structures directly affect the atmospheric heating rate [1] and exert great influence on atmospheric radiation and circulation [2] [3] [4] [5] [6] . Aerosols are known to have great impacts on cloud properties [7] [8] [9] . Earlier studies using aircraft and satellite sounding data have shown that, under the condition of sufficient cloud liquid water, increased aerosol concentrations will increase cloud droplet concentrations, decrease cloud droplet sizes, and increase the lifespans of clouds [10] [11] [12] [13] .
China has experienced rapid economic growth and dramatic urbanization and thus has experienced increased aerosol loading [14] [15] [16] . For example, frequent heavy aerosol loadings have occurred in the Jing-jin-ji metropolis circle (the northern part of East China, including Beijing, Tianjing, and Northern Hebei province) due to its dense population and industry in this region and surrounding areas [14, 17] . Aerosol loadings in the atmospheric boundary layer in this region reached levels of 10 3 -10 4 /cm 3 , with submicron particles dominating the loading [18] [19] [20] [21] [22] . Local sources and long-range transport both contributed to the high levels of aerosol concentrations [23] [24] [25] .
To investigate the impacts of aerosols on cloud distributions and other properties in different atmospheric environments such as aerosol pollution levels and humidity conditions, two adjacent regions in the south and north of East China were selected and compared in terms of the distribution characteristics of clouds of different phases. The northern high-latitude region is adjacent to the Jing-jin-ji metropolis circle, and the southern region is located in the Huaihe River drainage area. Aerosol pollution (such as dust and urban pollution aerosols) in the northern region is severer than that in the southern region. Humidity and aerosol conditions in the two regions were first compared. COPs in different cloud layers defined by temperature condition were then compared in four seasons. Finally, the characteristics of COP in different cloud layers were analyzed and discussed under combined humidity and temperature conditions. Research results from the present study are expected to provide the knowledge that is needed for parameterizing cloud formation in climate models.
Data and Methods

Data Source.
Two regions were selected for comparative research (see Figure 1 ). Region 1 (R1) is centered at Shouxian County in Anhui Province, and Region 2 (R2) is centered at Tai'an in Shandong province. Both regions are of size 4 ∘ longitude by 4 ∘ latitude. R2 is located just to the south of the JinJing city circle. The observed cloud cover data at the ground weather stations (from the beginning of station observation to 2005; data were obtained from the China Meteorological Administration Resource Center) showed obvious regional characteristics in cloud occurrence frequency and cloud cover fraction in the two regions. From the long-term data, the monthly mean values of cloud occurrence frequency and cloud cover fraction in R1 were, on average, 1.1 and 1.2 times those in R2, respectively, which showed the climate differences of the two regions.
The CloudSat/CALIPSO data (including 2B-GERPROF, 2B-temp, and 2B-lidar) used in the present study covered the period from June 14, 2006 , to December 31, 2010 . The 2B-GERPROF data contained the radar reflectivity factors of millimeter-wave radar at different altitudes. The temperature data in 2B-temp were obtained from the European Center for Medium-range Weather Forecasts. The 2B-Lidar data were obtained by combining CloudSat and CALIPSO data, including cloud cover and single-layer and multilayer cloud-base and cloud-top heights. Cloud cover data at different heights were used in this study. Data from CloudSat/CALIPSO were obtained by scanning from top to bottom. Data at the lowest levels were believed to have large uncertainties due to the strong reflectivity of the surface leading to anomalously high detection signal. Thus, only data above the 0.5 km level were used here. Each level (at 0.24 km increments) scanned by CloudSat was treated as a pixel to obtain statistically the sample size of the pixels within each radar reflectivity factor range, as shown in Figure 2 .
Data from the CALIPSO level 2 (CAL LID L2 05kmAPro-Prov-V3-01) product for the period from June 13, 2006 , to Sep. 17, 2008 , were also used in the present study. This dataset provides aerosol extinction coefficients (532 nm and 1064 nm bands) and cylinder optical thickness.
2.2.
Methodology. The 2B-GEOPROF and 2B-GEOPROFLidar data of the CloudSat/CALIPSO product were used to judge the occurrence and positions of clouds. Three criteria needed to be met simultaneously for cloud occurrence: (1) The cloud reflectivity factor is larger than −40 dBZ and smaller than 50 dBZ, which is the dBZ range of CloudSat cloud radar reflectivity; (2) the CPR cloud mask is larger than 20 and smaller than 40, which is the standard under which CloudSat determines if there is a cloud; and (3) cloud cover is larger than 5% and smaller than 100%, which reduces the uncertainty of cloud identification and misidentifications such as when aerosols are mistaken as clouds.
The COP at any height was calculated as the ratio of the number of sites with cloud occurrence to the total number of sites scanned in an orbit. The monthly average COP was first obtained for each level before averaging into seasonal values. March, April, and May were treated as spring; June, July, and August as summer; September, October, and November as autumn; and December, January, and February as winter. The COPs and vertical distribution characteristics in the two regions and during different seasons were statistically calculated using the nearly five years of data. The COP at any height was obtained by dividing the total number of pixels with cloud occurrence at this height by the total number scanned. The aerosol extinction coefficient includes both the 532 nm and 1064 nm bands. To avoid the influence of certain special weather conditions, only those data with daily mean extinction coefficients larger than 0 for more than two consecutive scanning days were used in the analysis. Seasonal average vertical profiles of extinction coefficients were obtained for the two regions.
Results
Atmospheric Environment Differences between R1 and R2.
The cloud vertical structure varies greatly with geographical location and time due to many factors, such as the underlying surface conditions and aerosol loading [26] [27] [28] . R1 and R2 belong to the monsoon climate zone in East Asia, with higher temperatures in summer and lower ones in winter throughout all vertical levels. The vertical structures of the temperature were similar between the two regions ( Figure 3 ). The difference in temperature was the smallest in summer and biggest in winter. The average temperatures in R1 in spring, summer, and autumn were 2.5, 1.2, and 2.5 ∘ C higher than those in R2, respectively. The temperatures below 4.3 km height in R2 in winter were higher by 0.48 ∘ C than those in R1, and the greater temperature differences were close to the ground, which might be due to the impact of winter heating and the Greenhouse Effect of aerosols in R2 [29] .
From Figure 4 , the average specific humidities in R1 in spring, summer, autumn, and winter were 1.5, 1.3, 1.4, and 1.7 times those in R2, respectively, implying that the water contents in R1 were higher than those in R2.
The aerosol optical depths (AODs) in R2 calculated from the aerosol extinction coefficient profile at the 532 nm band were approximately 1.9, 2.2, 0.9, and 1.1 times those in R1 in spring, summer, autumn, and winter, respectively ( Figure 5 ) and 1.2, 1.5, 1.1, and 1.7 times the 1064 nm band. To avoid the influence of the high extinction coefficient of an extreme aerosol pollution event on the mean value of the extinction coefficient, the extinction coefficient was also calculated based on the frequency spectrum of the aerosol extinction coefficient (see Figure 6 ). The whole extinction coefficient range (0.0-1.5 km −1 ) was divided into 10 equally sized subranges; for example, the first range is from 0 to 0.125 km −1 , and the tenth range is from 1.25 to 1.5 km −1 . The average value of the aerosol coefficient in R2 was larger than R2_spr R2_sum R2_aut R2_win Figure 6 : The probability of aerosol extinction coefficient at 532 nm band in the four seasons and two regions. that in R1. It is noted that R2 covers Shijiazhuang City and is also adjacent to the south of the Jing-Jin area where aerosol loadings were high. For example, aerosol concentrations in Jing-Jin region in the layers below 4.5 km were up to 10 3 cm −3 , with average particle sizes from 0.16 to 0.19 m [21] . Aerosol concentrations at the 5 km layer above Shijiazhuang City were up to 10 3 cm −3 , with average particle sizes from 0.15 to 0.22 m [22] . Aerosol concentrations in Hebei province were up to 10 3 -10 4 cm −3 in the layers below 3 km, with average particle sizes of 0.15 m [30] .
COP Vertical
Structure. Clouds of different phases have different heating and thermodynamic and radiation processes [31] . Here, the cloud layer with temperatures higher than 0 ∘ C is referred to as the warm cloud layer (WCL); with temperatures between −40 ∘ C and −20 ∘ C as the mixed cloud layer (MCL) with lower temperature (MCLLT); with temperatures between −20 ∘ C and 0 ∘ C as the mixed cloud layer with higher temperature (MCLHT); and with temperatures lower than −40 ∘ C as the ice cloud layer (ICL). Figure 7 presents the vertical profiles of COP in the two regions during the four seasons. The differences in COPs between R1 and R2 in spring and winter were greater than those in summer and autumn. The COP in R1 in spring was approximately 1.1 times that in R2. The COPs in R2 in the other seasons were higher than those in R1.
From Figure 7 , the COPs within different cloud-phase layers differed significantly. For the COP in the WCL, the average values in R1 were 0.7%, 1.4%, 1.0%, and 0.4% in spring, summer, autumn, and winter, respectively and were 1.5, 1.1, 1.3, and 3.8 times, respectively, those in R2. Cloud formation can be influenced by humid conditions and cloud nucleation, which changes the concentration or properties of aerosols. The comparison of the COP results between R1 and R2 was similar to the comparison of the specific humidity between R1 and R2; in the four seasons; the specific humidities in R1 were approximately 1.3, 1.2, 1.2, and 1.8 times those in R2 in the corresponding seasons (see Table 1 ). Observations show that the high aerosol concentrations in R2 provided rich condensation nuclei for cloud formation [17, 32] . The seasonal mean occurrence probabilities of the aerosol extinction coefficients at the 532 nm band in the range of 1.125-1.25 km −1 in R1 and R2 were compared (see Figure 8) . The difference between the aerosol extinction coefficients in R1 and R2 was not similar to that for COP. From Figure 9 , the average values of the aerosol extinction coefficient in R2 in the WCL were approximately 1.2 times those in R1 in both spring and autumn, and the mean extinction coefficients in R2 were approximately 1.3 and 1.1 times those in R1 in summer and winter, respectively. These results implied that water vapor condition may affect COP on the WCL stronger than aerosols.
The COPs in R1 and R2 in the MCL were 70% and 70.6%, respectively, which were higher than those in the WCL and ICL. The two regions both reached the highest values of COP in autumn. Compared to the COPs in the WCL, the difference in COPs between the two regions in the MCLLT was larger. The ratio of the COP in R1 to that in R2 showed slight increases in spring and autumn and decreases in summer and winter. The ratio of the COP in R1 to that in R2 in winter decreased from 3.8 in the WCL to 1.5 in the MCLLT. The ratio of the specific humidity between R1 and R2 was compared to check the condition of the atmospheric environment. The ratio of the specific humidity in R1 to that in R2 in the MCLLT was similar to that in the WCL in the four seasons. However, the ratio of the extinction coefficient in R1 to that in R2 revealed larger differences in summer and winter. The COP in the MCLLT in summer increased to 3.7 times that in the WCL in R1 and to 5.1 times in R2, which was due to the COP in R2 being higher than that in R1 in the MCLLT. At the same time, the aerosol extinction coefficient in R2 was approximately 2.0 times that in R1. In addition, the COP in R1 in winter was approximately 1.5 times that in R2 in the MCLLT, and the aerosol extinction coefficient was 1.2 times higher, which implied that the content of aerosols has a positive correlation with cloud occurrence in the MCLLT.
The COPs in R1 and R2 in the MCLHT were higher than those in the MCLLT in all the four seasons. The COPs increased by 3.1%, 2.9%, 0.8%, and 0.2% in spring, summer, autumn, and winter, respectively, in R1 and 5.4%, 4.2%, 5.8%, and 5.8% in R2; the differences were greater in R2 than in R1. The ratio of specific humidity in R1 to that in R2 changed smoothly in the whole troposphere. However, the extinction coefficients in R2 were approximately 2.2, 2.1, 2.5, and 4.2 times those in R1 in the MCLLT, which implied that the aerosols were closely correlated with the COP in the MCLLT. The COPs in the ICL were lower than those in the MCL in both of the regions and in all the four seasons. The mean COPs were 26.7% and 26.8% in R1 and R2, respectively. Except in summer, the COPs in R2 in each season were higher than those in R1. The mean values of the aerosol extinction coefficients at the 532 nm band in the ICL in R2 were 10.0, 1.7, 2.0, and 10.0 times greater than those in R1 in the four seasons. The COP in R2 in spring reached the highest value for all the four seasons, which may be due to the influence of the longdistance transport of dust as ice nuclei from the Taklamakan desert in western China and Inner Mongolia in downwind areas [24, 25] . Dust in the upwind directions of the two regions and mixed aerosols in the transmission processes may have been incorporated into the troposphere [25, 33] , which is effected by the East Asian subtropical westerly jet zone [34] [35] [36] . This process enhanced cloud condensation nuclei in this layer and thus affected cloud distribution characteristics. R2 is closer than R1 to the westerly jet central zone [37] .
Vertical Structure of the Cloud Reflectivity
Factor. COP with different radar reflectivities was also investigated here. From the discussion above, the COPs in R1 and R2 mainly appeared in the mixed cloud layers and had good correlations with the aerosol extinction coefficient. Figure 10 shows the vertical profiles of COP within the mixed clouds with cloudbase temperatures higher than 0 ∘ C and cloud-top temperatures lower than 0 ∘ C as a function of radar reflectivity in each season.
According to Figure 10 , high values of COP were mainly concentrated below 6 km and in the range of radar reflectivity factors above −10 dBZ in both of the two regions and during all of the four seasons. The range of the reflectivity factors with high-COP values (greater than 0.0008%) was the narrowest in summer and the widest in winter. Affected by many factors, including temperature and water vapor content, the maximum value of the corresponding radar reflectivity factor decreased with increasing height, and its range became narrower with increasing height. Such trends were more obvious in R2 than R1 during all of the seasons except autumn. In addition, the COP in the layer above 9 km in summer showed extended high values at approximately 10 dBZ over both regions, which may be due to the influence of strong convective clouds in summer (heap cloud). Tropical convective clouds can be as high as 15 km [38] . A high-COP layer with a thickness of 2 to 3 km appeared in the layer above 0 ∘ C, which was determined according to the temperature in Figure 3 , in the −30 dBZ to 15 dBZ reflectivity factor range over both of the regions and during all the four seasons (See Figure 10) . The high-COP values of R2 were more continuous than those of R1 in spring, summer, and winter. Different from that of R1, the COP of R2 in winter showed a narrow high-value vertical zone with COP value increasing with height, and the corresponding radar reflectivity factor was linearly reduced to −30 dBZ at approximately 11 km. The range of the corresponding aerosol extinction coefficients in the high-continuous-value zones of COP in the two regions in all the four seasons was also wide according to the data in Figure 5 . The aerosol optical thicknesses in R2 over the 0 ∘ C layer in the four seasons were 2.5, 2.0, 1.0, and 1.0, respectively, for the 532 nm band and 1.5, 2.5, 1.3, and 3.5 for the 1064 nm band, which were greater than those in R1. The aerosol levels differed greatly between the two regions in spring, summer, and winter. Huang et al. [25] studied the vertical distribution characteristics of dust in the Taklamakan desert in the western China Inner Mongolia Gobi sand source area and its downwind direction and determined that R2 was located in the central area of the downwind zone of the dust. The dust transport from the sand source areas to East China showed a two-layer structure, with the highest dust frequencies appearing at 9 to 11 km and at 3 km. Even in summer, dust can be transported for long distances [24] . Li et al. [39] showed that large aerosol particles were mainly distributed over the 2.5 km height in this region, indicating that the dust aerosols from the upwind directions and other types of aerosols mixed in the transportation processes had great influences on the cloud distribution characteristics in R1 and R2. R2 was affected more than R1 by upwind dust sources.
To further investigate the COPs of clouds of different intensities, Figure 11 shows the vertical profiles of COP within different ranges of the radar reflectivity factor, at an interval factor of 10 dBZ, during the four seasons over the two regions. R1 and R2 had similar monsoon climates and thus showed similar seasonal COP distribution characteristics. Clouds in the two regions mainly occurred where the reflectivity factors were less than −10 dBZ, such as in the ICL. The COP in R1 with the reflectivity factor ranging from −30 dBZ to −20 dBZ showed a larger value than those in other reflectivity ranges. The percentages of COP were approximately 35.1%, 35.9%, 30.8%, and 30.8% in spring, summer, autumn, and winter, respectively, in R1 and 37.1%, 32.6%, 31.1%, and 31.1% in R2. The COPs in R1 in the range of the reflectivity factor larger than −10 dBZ were 24.1%, 22.0%, 30.0%, and 30.0% in spring, summer, autumn, and winter, respectively, in R1 and 18.7%, 26.6%, 28.2%, and 28.2% in R2. These results showed that the clouds with high reflectivity factors mainly appeared in the MCL and WCL where the water vapor and aerosols were mainly concentrated.
The largest COP in all reflectivity ranges was located at a similar height to where the largest COP in the ICL appeared for all four seasons (Figure 7) . The local maxima of the COP appeared in the −10 ∘ C to −15 ∘ C layer in the two regions in spring and winter, at approximately the −12 ∘ C layer in R1 and the −15 ∘ C layer in R2. Zhang et al. [40] also showed that the maximum COP appeared in the mixed cloud layer in the cold season in the Qinghai-Tibet plateau area. Similar results were also found over the East Asia continent [41] , which were attributed to favorable ice particle growth process conditions due to sublimation-accretion mechanisms. Through a chamber experiment, Hallett and Mossop [42] observed the occurrence of a large number of secondary ice particles under mixed-layer temperature conditions, and the occurrence probability peaked in the range of −3 ∘ C to −7 ∘ C. These results indicated that the key temperature conditions within the mixed layer increased the occurrence probabilities of the mixed clouds at the corresponding heights.
Conclusions
The interaction between aerosols and clouds has a complex feedback effect on the changes in aerosol and liquid water content. By investigating the statistical characteristics of cloud and aerosol vertical distributions over two south and north regions in East China, with each region having a size of 4 ∘ latitude by 4 ∘ longitude, stronger correlation was found between water vapor condition and COP than that between aerosol condition and COP in the WCL. The COPs in the mixed cloud layers were approximately 70.0% and 70.6% in Regions 1 and 2, respectively, and in the ice cloud layers, 26.7% and 26.8%. The differences in COP between the two regions in the mixed cloud layer and ice cloud layer were highly correlated with those in the aerosol extinction coefficient.
In addition, the highest cloud proportions in R1 and R2 appeared in the mixed cloud layer in all of the four seasons. High values of COP occurred in a cloud layer of 2 to 3 km thickness above the 0 ∘ C layer in all the four seasons. The corresponding reflectivity factors were continuously distributed from −30 dBZ to 15 dBZ. The high values of COP in R2 in this layer were more continuous than those in R1. The clouds with high reflectivity factors mainly appeared in the mixed cloud layers and WCL. The mean values of the aerosol extinction coefficient were higher in R2 than in R1 in the layers above the 0 ∘ C layer in all four seasons, indicating great influences of aerosols on mixed cloud formation.
